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A bone fracture risk assessment model has beenogedeas a module within
NASA'’s Integrated Medical Model to quantify thekrisf bone fracture during space
exploration missions to the moon and Mars. The risdscenario-based, providing
predictions of fracture at any specific time duragiission and predicated on a specific
task or event. Input to the model includes misgpiarameters and crew statistics, such as
the gravitational environment, the mission lengthether the activity was internal or
external to the vehicle, crew age, weight, heigbhder and pre-flight BMD levels.

The model provides an important step in assess@kdy calculating a bone
Fracture Risk Index (FRI) which is the ratio of gleeletal loading generated during
different activities and the ultimate strengthlod astronaut’s bone as a function of a
time-dependent estimate of BMD. The risk of boraetiure at the proximal femur and the
lumbar spine was assessed for routine mission tagksas lifting and during activities
which could result in high impact loading, suchadsall from a ladder. The model
focuses on the femoral neck and at the lumbar spinee these locations exhibit high
localization of bone loss and due to the medicaésty with fracture at these sites.

Directly measuring the loads on the intact skelgyatems is invasive and not
practical. Therefore skeletal loads for each d#feéractivity were estimated using a series
of biomechanical loading models corresponding tosigies and events likely to occur
during space exploration missions. Rigid links wesed in static loading models to
represent the bones of interest and the loads fearel through summation of the forces
and moments unique to the particular activity. Assrapring-damper model was used in
the dynamic loading models to estimate the loadiperienced from a high impact
force. There was uncertainty associated with mdrlgeomodel parameters, including
body segment lengths and masses, upper body aémtexss, stiffness and damping
characteristics of bone, muscles, connective tisspiaal discs and space suit material,
orientation and location of load and ground surfetaracteristics.

The Ultimate Strength of the bone, i.e., the logdibove which fracture will
occur, is known to be dependent on bone densityngéy and microarchitecture. For
the initial development of the model, the Ultim&teength is considered to be strictly a
function of BMD, based on data availability. A tirdependent estimate of BMD change
as a result of spaceflight was obtained from a ¢oatlon of relevant bone loss data,
including existing pre- and post-flight BMD measuents, BMD measurements from
ground-based analog bed rest studies and longB&tB measurements of patients with
spinal cord injuries. A review of biomechanical athidical research provided data with
which to build a model of Ultimate Strength as adiion of BMD. Numerous studies
report the ultimate strength of bone excised fragtavers resulting from testing in
material testing systems (MTS). However, such measents are taken under conditions



different thann vivo. For example, cadaver bone tested in an MTS isypatally
surrounded by body tissues and fluids as theyravio. In addition, the exact
arrangement of force application that causes auram vivo is unknown and may be
different from the arrangement used during MTSirtgst~or our model, care was taken
to use data from ultimate strength studies thalieghforce to the bone specimen in a
manner which most closely resembled the force egitin expected during the
particular activities of interest. Despite the gpkattention paid to the orientation,
magnitude and loading rate of the applied forcejrasertainty is present within these
parameters and in the loss of astronaut BMD asetifun of time.

To account for the uncertainty of the model paramsetlue to variations within
the population and unknowns associated with theceffof the space environment, a
distribution of values were used to describe tipeiirparameters. The FRI was not
calculated as an absolute value, but instead adé/0atlo simulation was performed to
obtain a probability density function for the FRIlesults indicate that there is a small, but
non-negligible risk of bone fracture during a Marssion. The impact of bone fracture
to the mission was quantified by examining the lefeéreatment available during the
mission, which will be less than the best carelaipée on Earth. Even the best terrestrial
care has a finite probability of chronic disabildy death due to a severe fracture. In the
restrictive medical care environment of space vargefracture could cause loss or
impairment of at least one crew member during asimmsand have a major impact on the
mission. Future work will include designing expeeims and conducting reviews which
will result in more detailed information about tm@st sensitive parameters so that the
model uncertainty can be reduced.



